Abstract. We sequenced the genomes of a Brahman, an Africander and a Tuli bull because tropically adapted breeds of cattle have so far not been well characterised at the level of DNA variation. In excess of 16 Gb of Illumina GA-II sequence was obtained for each animal in the form of 75-bp paired-end reads, generating more than 6· coverage of each genome, and between 86.7 and 88.8% of the bases of each genome sequence was covered by one or more sequence reads. A total of 6.35 million single nucleotide polymorphisms (SNP) were discovered in the three animals, adding 3.56 million new SNP to dbSNP. The Brahman animal had nearly twice as many SNP as either the Tuli or the Africander. Comparing genome sequence to genotypic array data, genotype accuracy from sequencing was more than 98% for homozygotes that had at least six high quality sequence reads and for heterozygotes that had at least two high quality reads containing the alternative allele. Intergenic and intronic SNP were found at higher densities closer to coding sequences, and there was a reduction in numbers of SNP within 5 bp of a splice site, features consistent with genetic selection. On average, slightly more SNP per Mb, and slightly higher average reads per SNP per Mb, were found towards the ends of chromosomes, especially towards the telomeric end of the chromosome. At least one autosome in each animal showed a large stretch of homozygosity, the largest was 58 Mb long in the Tuli, although the animals are not known to have recent inbreeding.
Introduction
One of the main results of the first comprehensive study of breed diversity (The Bovine HapMap Consortium 2009) strongly confirmed that cattle were split into three main types, European, Indian and African, a subdivision that has not always received support. That study also showed that while Indian and African cattle showed higher effective population sizes and higher sequence heterozygosity they also showed lower heterozygosity when genotyped using single nucleotide polymorphism (SNP) arrays. The SNP arrays were primarily constructed from SNP identified from taurine cattle, which suggested that SNP arrays need to incorporate SNP from Indicine and African cattle otherwise some of the population genetics statistics derived from those SNP assays could be biased (Porto Neto and Barendse 2010) .
Genome sequencing of cattle using conventional Sanger sequencing methods began in 2005 at the Baylor College of Medicine with a line-bred Hereford female, Dominette (Womack 2006) . This effort was the result of a large international consortium and the assembly of this sequence and its publication has been described (Elsik et al. 2009) . A taurine bull of the Flekvieh breed (Eck et al. 2009 ) has been sequenced using next generation sequencing (NGS). NGS is a high throughput, low-cost method of sequencing that brings genome sequencing within the budgets of ordinary molecular genetics laboratories. To date, there is little genome sequence of Indicine animals in public databases, a partial sequence of a Brahman animal was used in the Bovine Genome Project to identify SNP (The Bovine HapMap Consortium 2009), and there is a report in the conference literature that a Nelore animal is in the process of being sequenced (Sonstegard et al. 2010) . Furthermore, to the best of our knowledge no one has obtained a genome sequence of an African animal.
One of the most important tools provided by these genome sequences are the large numbers of polymorphisms that can be used for genetic analysis and improvement. A direct result of the bovine genome sequencing has been the construction of arrays consisting of tens of thousands of SNP that can be genotyped in parallel (Matukumalli et al. 2009 ; The Bovine HapMap Consortium 2009), which could be used for the practical purpose of identifying quantitative trait loci (Geldermann 1975; Barendse et al. 2007 ) as well as of implementing genomic selection (Goddard and Hayes 2007) . Other usages include the estimation of pairwise relatedness between individuals in the absence of pedigree data (Oliehoek et al. 2006; Lee et al. 2010) and high resolution studies of breed relationships and diversity (Pritchard et al. 2000; Patterson et al. 2006) . Lastly, these polymorphisms can be used to study the genetic history of a species and identify regions of the bovine genome that have been under population genetic selection (Barendse et al. 2009 ).
The objective of this study was to identify millions of SNP from tropically adapted cattle based in Australia. An Africander and a Tuli animal were chosen because they are non-zebu Africanderived animals that have made a contribution to the tropically adapted genotypes in Australia. The Brahman was chosen because it and its crossbreds are the mainstay of tropical cattle production in northern Australia. We used the Illumina (Solexa) GA-II NGS method (Bentley et al. 2008) on DNA from these individuals. The genome sequence was then aligned to the UMD3.0 assembly of the Hereford genome sequence (Zimin et al. 2009 ) and SNP were identified both as variable bases within each new sequence and as fixed differences between these genome sequences and the reference Hereford sequence. Each new SNP was located to the reference sequence and then comparisons were made between the three animals.
Materials and methods
A minimum of 5 mg of DNA at a minimum of 500 ng/ml with 1.8 < OD 260 < 2.0 was extracted from semen or blood samples for a Brahman, a Tuli and a grade Africander bull. The Brahman animal was chosen because it has a very large number of direct offspring in Australia, it has a high accuracy high estimated breeding value for growth, and it had been used as a sire in the International Bovine Reference Panel (Barendse et al. 1994) . Furthermore, its ancestry included Guzerat, Nelore, Gir and Indo Brazil lineages, all four of the foundation lines of Indian breeds that have gone into the formation of the Brahman (Sanders 1980) . The Tuli animal was a purebred Tuli, derived from the Boran and Tuli animals imported from Africa (Frisch 1989) , a breed that originated in Zimbabwe. The Africander animal was selected because it was the highest grade Africander animal available in Australia. The semen sample dated back to 1987 and the animal was more than 50% Africander. Although the animal was not pure Africander, having some Hereford and Shorthorn ancestry due to grading up from South African semen samples, the objective of the study was to identify SNP, so it was less important to get an absolutely purebred animal but rather to get a sample of a South African genome. Throughout this report, cattle of Indian ancestry are referred to as Indicine or zebu and not Indian because DNA or current samples cannot be obtained directly from India.
DNA was provided to Illumina Inc. (Hayward, CA, USA) via the FastTrack sequencing service in September 2009. Using the Illumina GA-II sequencing methodology (Bentley et al. 2008) , a minimum of 16 Gb of 75-bp paired-end reads were generated for each animal, equivalent to one flow cell for each. The raw genome sequence was aligned to the UMD 3.0 assembly (Zimin et al. 2009 ) of the reference Hereford bovine sequence (Elsik et al. 2009 ) discarding all sequences that aligned to more than one region of the reference bovine genome. Paired ends were mated as a check of the assembly and the sequence was displayed using GBrowse (available at http://gmod.org/wiki/GBrowse, verified 30 November 2011).
The DNA of the three animals was not pooled during sequencing. This allowed relatively simple identification of SNP because a true heterozygote genotype will show~50% of its sequences for each alternative base and so sequencing artefacts can be separated more accurately from true heterozygotes. SNP identification was not affected by the sampling bias towards common alleles, because it was not possible to identify how common a SNP was through this process, so SNP discovery would not be biased by that knowledge. However, the data would still suffer from the ascertainment bias due to the choice of the animal, a bias that can only be overcome by sequencing large numbers of individuals.
SNP were called where: (1) the animal showed two alleles at a particular base where both alleles were supported by a forward and reverse sequence read (type 1); or (2) the animal showed a fixed difference to the Hereford sequence (type 2). These genome sequences were analysed using the Sequence Alignment/Map (SAM) Tools pileup module (Li et al. 2009 ) downloaded from http://samtools.sourceforge.net/. SAM Tools calculates a SNP score (a Phred scaled likelihood that the SNP is identical to the reference sequence), a consensus quality (Phred scaled likelihood that the genotype is wrong) and a root mean square quality score for the reads covering the putative polymorphic site (http://http://sourceforge.net/apps/mediawiki/ samtools/index.php?title = SAM_FAQ, verified 6 October 2011), and this filter was used as phase I of the SNP calling. These filters weight or remove bases that have poor sequence, such as low depth of coverage or too high a depth of coverage, too many SNP in a window, too many indels in a window, or close to a high quality indel, factors that will all tend to generate sequence artefacts. A Phred scaled likelihood is a log-based probability of sequence errors (Ewing et al. 1998) . Alternative bases were removed if their quality score was low. A minimum SNP quality of 10 in SAM Tools was required. Then at least two alternative bases were required to call a SNP. If there were three variants at a position, 90% of the reads needed to be one of the alternatives to the Hereford sequence.
To quantify the accuracy of SNP genotyping for these animals, each animal was genotyped twice using an Illumina Bovine SNP50 array at CSIRO, a consensus genotype was then assigned to each SNP, and then the genotype at each sequence was compared with the Illumina Bovine SNP50 genotype.
To determine whether there were any consistent differences between genome regions in SNP abundance, the distribution and identity of SNP were analysed in 1-Mb non-overlapping bins and the results plotted using the R project software (Ihaka and Gentleman 1996) downloaded from http://www.r-project. org/, verified 1 December 2011. A smooth spline (Venables and Ripley 2000) was fitted to the distribution of SNP to show the fluctuation of SNP abundance and sequence coverage across the genome for each animal. Summary statistics were computed by counting and standard methods were used to calculate correlations between variables (Pearson 1903) .
Results
The number of SNP and genetic diversities of the animals sequenced are shown in Table 1 , showing a range between 2 and 4.4 million SNP per animal. The sequencing volume was sufficient to cover each base of the sequence >6 times on average and between 86.7 and 88.8% of the bases of each animal was covered by one or more sequence reads. The mean AE s.d. of reads defining a SNP was between 6.0 AE 3.8 in Tuli and 6.8 AE 3.5 in Brahman with a range of 3-100. For the Brahman animal this translated to 1 variant bp per 611 bp, for the Africander, 1 per 1158 bp, and for the Tuli, 1 per 1331 bp, compared with the Hereford reference sequence. Seventy percent of SNP were transitions (A/G and C/T SNP) in all three animals. The intersection of SNP ( Fig. 1 ) between these animals is Brahman and Africander: 1 081 475 SNP, Brahman and Tuli: 953 499 SNP and Africander and Tuli: 756 308 SNP. All three animals share 467 017 SNP. The total number of SNP reduced to 6 352 083 putative unique variants identified in this project. The SNP that were identified in these three animals were submitted to dbSNP, of which~3.56 million were new to dbSNP. dbSNP accession numbers for the SNP are in the numerical ranges for Tuli of ss418642870 to ss422339814, for Africander of ss422339815 to ss424510092, and Brahman of ss424510093 to ss428897145.
Between 40 and 45% of the SNP were due to heterozygous bases within the animal (type 1) and the rest of the SNP were differences to the Hereford sequence (type 2). Despite the lower percentage of SNP due to heterozygous bases in the Brahman sequence compared with the Africander and the Tuli, the total number of heterozygous sites in the Brahman was still 1.72 times greater than the Africander and 2.03 times that found in the Tuli after removal of the SNP that were fixed differences to the Hereford. Rather, the Brahman sequence showed a larger proportion of fixed differences to the Hereford genome sequence than the Africander or the Tuli.
The reduced heterozygosity or reduction in type 1 SNP on the bovine X chromosome (BTAX) was used to estimate the false discovery rate (FDR) for SNP, because the animals were male and therefore should not be heterozygous, the only SNP being differences to the Hereford sequence. For the 137 Mb of BTAX outside the pseudo-autosomal region, the mean AE s.d. number of type 1 SNP per Mb was 41.1 AE 71.3 (Tuli), 43.6 AE 77.0 (Africander) and 55.1 AE 84.8 (Brahman). These were respectively 13.4, 11.8 and 8.1% of the type 1 SNP per Mb across the genomes of the Tuli, Africander and Brahman animals individually, and 10.3% when combined across all three animals, giving an estimate of the FDR.
The genotypes derived from sequencing were compared with genotypes obtained from an Illumina Bovine SNP50 array and these two sources of data showed low discrepancy (Table 2) . These comparisons only included SNP where the animal was a heterozygote by sequence or where it showed a different homozygote to the Hereford reference animal, because we do not have the genotype of the Hereford reference animal for the Illumina Bovine SNP50 array. Nevertheless, for heterozygotes by sequence, the error rate overall ranged between 4.78 and 6.94%, but if SNP that were supported by only 1 alternative base were excluded, this percentage reduced to 1.14-1.93%, depending on the animal. Between 22.7 and 32.0% of heterozygous SNP genotypes were supported by only 1 high quality alternative base sequence. For homozygotes by sequence, the error rate overall ranged between 2.04 and 4.92%, but if SNP that were supported by fewer than 6 sequence reads were excluded then the error rate reduced to 1.07-2.28%, depending on the animal. Between 49.5 and 65.4% of homozygous SNP genotypes were supported by fewer than 6 high quality sequences.
There were 2.26 million SNP in exons or introns of 20 774 of the 24 257 named genes (85.6%) in the bovine genome, of which 129 969 (2.1% of all SNP in this study) were in exons and 2 149 650 where in introns, and the rest of the 6.35 million SNP were located between genes. Of the SNP in introns, the distance to the closest coding sequence ranged from 1 to 554 418 bp with a mean of 15 867 bp. Of the SNP between genes, the distance to the closest coding sequence ranged from 1 to 2 841 329 bp with a mean of 184 284 and median 78 964 bp. Due to the draft nature of the bovine genome sequence, while the low end of the range would be accurate, the high end would be affected by the incomplete nature of the assembly, and the median is more likely to be representative of the distance. The number of intergenic (Fig. 2) and intronic (Fig. 3) SNP increased closer to coding sequences, reaching a peak near the start or end of coding sequences. Within coding sequences themselves, the number of SNP near splice sites, start or stop codons of genes was reduced compared with the body of the exon (Fig. 4) . Furthermore, although the number of SNP in introns increased closer to the splice site, the number of SNP was reduced by more than 50% in the 5 bp next to the splice site. The numbers of SNP shown in these figures were not strongly influenced by differences in the distance between genes or the length of exons or introns. First, the exon lengths were scaled, so the number of SNP was expressed as a percentage of the length along the exon. Second, the mean distance between genes is 97 140 bp with a median of 20 728 bp and only 6333 of 18 804 of the reasonably well estimated intergenic distances were less than 10 kb -the number of intervals is less that the total number of genes because it is a draft assembly and so the longer distances are less well estimated, some genes are located within the introns of other genes, or the location of the gene is not on the assembly. However, most of the reduction in SNP densities had occurred after the 1 kb of the intergenic space just proximal to the start codon or distal to the stop codon, regions that would contain the promoter sequences and would be adjacent to the 3 0 untranslated region of the gene. At the distances plotted in Fig. 2 , one would expect that the distribution of SNP would be equal at all intervals rather than showing an increase as one approaches the boundary between gene and non-gene. The type 1 SNP showed the same shape of the distribution as the type 2 SNP in each animal. Although between 40 and 45% of SNP were type 1 across the genome, the proportion of type 1 SNP within 10 kb of the coding sequence was 57% (Brahman), 81% (Africander) and 84% (Tuli), a significant (P = 0) difference. All three animals showed greater heterozygosity near genes compared with away from genes, and both types of SNP became increasingly more common the closer one approached the start or end of a gene sequence coming from the intergenic region.
There appeared to be greater densities of SNP near the centromeric and telomeric ends of chromosomes that were not explained by differences in read depth across the genome (Figs 5 and 6 ). The NGS data showed a regular pattern of increasing read depth near the ends of chromosomes, which to some extent was mirrored by increased numbers of SNP near chromosome ends. However, the correlation between read depth and number of SNP was r = 0.17 (Tuli), r = 0.19 (Africander), and r = 0.40 (Brahman) for n = 2660 nonoverlapping 1-Mb sequence bins (Fig. 7) . Due to the sample size, all these correlations are significant at P << 0.001, but the regression coefficients were b <7.8 · 10 À4 with s.e. <8.0 · 10
À5
for all three of these relationships, and read depth explained less than 16% of the variance in SNP distribution. The correlation between type 1 and type 2 SNP in any Mb interval is low within each genome sequence, r = 0.13 (Tuli), r = 0.02 (Africander) and r = 0.19 (Brahman), the amount of the variance explained was small (R 2 < 0.036) (Fig. 8) , which also suggested that SNP distributions were less affected by random factors such as read depth and more by factors such as functional differences between parts of the genome sequence. There are several regions where the heterozygosity or occurrence of type 1 SNP in an animal reached the FDR over a multi-Mb region in each of the three animals (Fig. 9 ), meaning that heterozygosity had effectively become zero. In the Brahman animal there is only one such region, of~54 Mb on BTA20, where the number of type 1 SNP per Mb declined suddenly to close to zero. In the Africander and Tuli, there were several of these regions. The largest region in the Tuli consisted of~58 Mb on BTA12 but the largest region in the Africander was much smaller, consisting of~34 Mb on BTA11. The Africander appeared to have more, smaller regions of reduced heterozygosity than the Tuli.
Discussion
In this study we identified 6.35 million SNP from three Indicine or African bulls and added a further 3.56 million SNP to the public databases. These SNP were located to all parts of the genome, every Mb of the assembled genome had tens to thousands of SNP in each animal, even though the coverage of the genome was not complete for any animal. Approximately 90% of these SNP appear to be real and not false discoveries. Approximately a third of these SNP were in introns or exons of 85.6% of the named bovine genes, 2.1% of the SNP were in exons, and the rest of the SNP were located in the intergenic sequence. More than 50% of the SNP were differences between these sequences and the reference Hereford sequence. The Brahman sequence had more of these sequence differences than either the Africander or Tuli sequence, as expected from the genetic divergence between taurine and Indicine cattle. Nevertheless, the Brahman sequence had more variable bases than either the Africander or Tuli sequence, and SNP were approximately twice as common in the Brahman animal compared with the Tuli or Africander animal. In the intergenic region, as one approached the start or end of the coding sequence of a gene, SNP appeared to become more common. Furthermore, in each of these animals, the proportion of type 1 SNP increased, showing that the heterozygosity of each animal increased in the few kb before or after the coding sequence. This suggests not only an enrichment of SNP in areas of the genome that might affect the regulation of genes, but that individuals are more likely to be heterozygotes in these genomic regions. NGS sequencing appeared to generate more coverage of the bovine genome near ends of chromosomes, but while SNP numbers also appear to be greater near the ends of chromosomes, SNP numbers are only loosely related to coverage of the genome in this study. Finally, cattle are known to have a degree of inbreeding, which would usually be seen as regions of identity-by-descent of a range of small to moderate lengths, but surprisingly, all three animals were found also to have a few large segments of DNA at the tens of Mb pairs that were identical-by-descent. One of the proposed uses of DNA sequence information is for imputation of genotypes in a genomic selection scheme (Meuwissen and Goddard 2010) , but our results indicate that substantial depth of coverage will be needed per sire if this source of information is to have low levels of error. In genomic selection (Goddard and Hayes 2007) , tens to hundreds of thousands of genotypes spread across the genome are used to predict breeding values or phenotypes. The basis for this prediction is linkage disequilibrium between the DNA markers and mutations that cause phenotypic change. The number of SNP needed is a linear function of the effective population size (Solberg et al. 2008) , and, in practice, breeds such as the Holstein or Angus in cattle (Hayes et al. 2009; VanRaden et al. 2009; Anon. 2010; MacNeil et al. 2010) appear to have successful genomic selection using~50 000 SNP. However, the equations linking SNP to breeding values are not transferable across breeds and some breeds may be too diverse to have genomic selection using only 50 000 SNP. One source of information that would be useful is to impute genotypes at a higher density using information from key ancestors (Meuwissen and Goddard 2010) . The plan would be to genotype sires from each breed using a higher density SNP array, consisting of~700 000 SNP. This resource would still rely on linkage disequilibrium between DNA marker and causative mutations. Using genome sequence could identify causative mutations (Mardis 2008 ; The 1000 Genomes Project Consortium 2010). However, our results show that low level sequence coverage, which may be suitable for the identification of SNP, will only generate accurate genotypes for the subset with depth of coverage of at least six sequence reads for homozygotes or at least two alternative sequence reads for heterozygotes, which was between one-third to one-half of the SNP in the three animals we sequenced. This shows that a large number of SNP could be incorrectly genotyped, radically affecting any imputation of genotypes, and SNP with too little depth of coverage should be excluded from such imputation experiments. Furthermore, if the notion is to incorporate all possible variation so as to capture the causative mutations in an animal, then substantially higher levels of read depth will be needed for a subset of the key ancestors of a breed, so that all of that animal's genome is covered at a suitable depth.
The distribution of SNP near coding sequences is consistent with selection, is not likely to be due to random factors, and suggests that there is ample variation in regulatory regions of the genome for further evolution in cattle. It is well known that the regulation of gene expression is due to DNA sequences that are in the 1-2 kb upstream of a gene (Kozak 1996; Ptashne 2005) , with some regulation of the mRNA itself in the 3 0 untranslated region (Belloc et al. 2008) . Furthermore, genetic variation within regulatory regions has long been implicated in major phenotypic change in evolution, rather than variation within coding sequence (Wang et al. 1999; Van Laere et al. 2003) . Here we have shown much higher levels of SNP densities in regulatory regions of genes. Furthermore, there is a clear reduction in SNP densities in coding regions including further reductions in SNP variation on either side of the splice site, consistent with negative selection maintaining the machinery of gene transcription and integrity of protein sequence. Could the high levels of SNP variability be due to relaxation of selection? First, although there are islands of conservation of sequence as well as micro-RNA sequences in intergenic sequences, most of the intergenic region of the genome has no assigned function, but in our data this region has lower SNP variability than the regions close to genes. The higher levels near to genes are unlikely to be due merely to relaxed selection. Second, there is a significant change in the ratio of type 1 SNP so that there is a major increase in the heterozygosity of an individual close to genes compared with the genome as a whole. Under a neutral process, a SNP will arise and either exit the population or go to fixation in a characteristic time period dependent on the genetic history and population structure of a species (Kimura 1982) . For there to be more SNP and higher levels of heterozygosity near genes would imply either that many of the SNP are being held from proceeding to fixation by some neutral population process that only applies near genes or that natural selection favours heterozygosity in promoter sequences in these animals. The former of these alternatives is hard to visualise compared with the latter alternative.
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